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Analysis of Food Freezing by Slot Jet Impingement
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Faculty of Mechanical Engineering, University of Tabriz, Tabriz 51666-14766, Iran

Abstract: In this study, numerical simulation using Computational Fluid Dynamics (CFD) was conducted to
predict the effect of various parameters on freezing time of slab shaped food by a slot air impingement.
Contimuty, momentum and energy equations were solved using Fluent 6.0 a commercial Computational Fluid
Dynamics (CFD) solver. In order to model the turbulent air flow, the standard Reynolds Stress Model (RSM)
was applied. The results of this study show that the freezing air temperature and velocity, nozzle to food
spacing are important factors affecting freezing time of slab shaped foods. This study provides useful

mformation for optimum design and operation of food freezers.
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INTRODUCTION

Freezing is a widespread preservation method in food
industry. The quality of frozen food is strongly dependent
on freezing time. The freezing time 1s important m the
freezing system selection for optimum food quality
according to Rizvi and Mittal (1992).

Freezing time of foods
expermmentally or predicted approximately by either
analytical or numerical methods. Freezing time
determination using experimental procedures is probably
the most widely used method because of its accuracy and
providing valuable data on the system performance but
are often too expensive, time consuming and may lack a
generalized theoretical description of the process. By
comparison, numerical solution method 1s more effective
to analyze the actual situation. For freezing process

can be determined

modeling, many parameters representing food properties
and freezing process required to be measured or collected.
These parameters are shape, dimensions, water content
and specific heat for unfrozen and frozen, thermal
conductivity, density, initial and final temperature of the
food, latent heat of fusion, conductivity of packing
coefficient,
freezing temperature and freezing medium temperature,
etc. As a result, a complete analytical solution for
predicting food freezing times requires tedious
calculations. Various simplified models for predicting the
freezing time have been proposed by many researchers
like Ramaswamy and Sablam (1996). From a physical
point of view, food can be considered as a combination
of a solid matrix, an aqueous phase and a gaseous phase
(aur and water vapor). For the freezing process, the food

material, convective heat transfer initial

can be divided mto three zones: unfrozen, frozen and
dehydrated. A complete mathematical model has to
solve the heat transfer (freezing) and the mass transfer
(weight loss) simultaneously. The mathematical model is
a system of partial differential equations of the parabolic
type with moving boundaries. Difficulties are encountered
in the analytical solution of these equations due to the
nonlinearity of moving boundary conditions. Exact
solutions are possible mn similarity form only in limited
cases. Computational Fluid Dynamics (CFD) is a powerful
numerical tool that is becoming widely used to simulate
many processes in the food industry. Recent progression
i computing efficacy coupled with reduced costs of
CFD software packages has advanced CFD as a viable
technique to provide effective and efficient design
solutions. Therefore a CFD method has to be used to
solve practical problems. In industrial freezing systems, an
important goal 18 increasing heat transfer rate to reduce
freezing time of foods as quickly as possible. As air
impingement technology utilizes high velocity jets of air
directed perpendicularly at the surface of a product to
reduce thermal boundary layers, mcrease convective heat
transfer coefficients and shorten baking, toasting, drying
and freezing times, these systems have been used in
food processing operations such as drying, baking
and freezing as suggested by Midden (1995),
LujanAcosta et al. (1997), Borquez et al. (1999), Moreira
(2001) and Nitin and Karwe (2001). Due to the
characteristics of fluid flow in air impmgement systems
this  process produces a high (but also a spatially
variable) convective heat transfer coefficient (h) value as
suggested by Ovadia and Walker (1998). Erdogdu et al.
(2005) predicted the transient time-temperature change
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during cooling of slab shaped geometries under impinged
air conditions and investigated the spatial variation of
h-value over the surface. Salvador and Mascherom (2002)
studied numerically heat and mass transfer that occur in
impingement freezers. Mittald and Zhang (2000)
developed an artificial network to predict the freezing time
of food products of any shape. Huan ef af. (2003) used
Galerkin finite element numerical model to predict the
freezing time for any shape foods at different freezing
conditions. In the experimental study carried out by Sarkar
and Singh (2004) a visualization technique was used to
determine the importance of factors affecting efficiency of
impingement systems. Wang et ol (2007) developed a
one-dimensional mathematical model to simulate freezing
time of individual food in freezing process. Soto and
Borquez (2001) used a special impingement jet equipment
to determine experimentally freezing time of foods.
Campanone et al. (2005) developed a numerical model to
predict weight loss of unpackaged foods during freezing.
Dagtekin and Octopi (2007) numerically investigated heat
transfer due to double impinging vertical slot jets onto an
isothermal wall for laminar flow regime. In this study the
effect of the jet Reynolds number, the jet-isothermal
bottom wall spacing and the distance between two jets on
heat transfer and flow field was examined. These reviews
indicate that there is little research on CFD modeling of
slot-jet impmgement freezing of slab shaped foods.
Therefore, the objective of this research was to predict the
effect of various parameters on freezing time of slab
shaped food by a slot air impingement using CFD solver
FLUENT 6.0. In this study the slot jet 1s assumed to be
large m the span vise direction Hence the flow
configuration can be considered as a two dimensional
planar jet.

MATERIALS AND METHODS
Governing equations: The fluid flow and heat transfer are
governed by three, equations: the contimuty, the
conservation of momentum and the conservation of

energy.

*  The continuity equation,

(1)

e

* The conservation of momentum (in x, y and =z
directions),

aui  ouil; 1 épP d aui  auj " (2)
+ = —— y—+——(u‘uj>
at [ p X X X 0Xi

1

¢ Andthe conservation of energy,

aT aT ad oT
c,.—+plUc.—=—|K.——-pc {uT}| + (3)
Pl P e axj{ pe,d >} e

where, 1 is average velocity, u’ is turbulent component of
velocity, {uju’) is the average value of the fluctuating
compoenent of the velocity, T is average temperature, T' 15
fluctuating component of temperature, t 1 tune, P 1s
pressure, p is density, y is kinematics viscosity of the air,
K is thermal conductivity, Cp, C, and q, are the heat
capacity at constant pressure and volume and internal
source term due freezing, respectively. In turbulent flow,
the velocity magnitude fluctuates with time and these
fluctuations are known as the twbulence where the
velocity in the turbulent flow can be divided into the
average and turbulent components. The decomposition of
the flow field into the average and turbulent (fluctuating)
components has isolated the effects of the fluctuations on
the average flow. However, the addition of the turbulence
1n the Nervier-Stokes equations, as seen above, results in
additional terms, known as Reynolds stresses, leading to
a closure problem increasing the number of unknowns to
be solved. In order to solve this problem, a mathematical
path for the calculation of the turbulence quantities must
be provided. There are special turbulence models to solve
this issue, e.g., k-€, k-w, Reynolds Stress Model (RSM)
and many others. In this study the Reynolds Stress
Model (RSM) with standard wall functions was applied in
Fluent 6.0. The SIMPLE algorithm is used to solve the
coupled system of governing equations.

Initial and boundary conditions: We assume that there is
no mass transfer and evaporation during the freezing
process although there are phase change and
corresponding heat release and the slab shaped food 1s
initially in thermal equilibrivm (T = T;). Heat transfer due
to radiation from food swrface was neglected With
reference to Fig. 1, the mass, momentum and thermal
boundary conditions are as follows:

Slot nozzle outlet: U, = constant, T = T,
Outflow boundary (EF): &Y _9V _,

oA
Upper boundary (AF): U=V =0and 9T _,
Yy
On the food surface (BE): U=V = 0 and h(T-T)= 4T
! X

On the insulation surface (CD): T _
ay

where, U, 1s velocity of air at nozzle exit, T, is temperature
of freezing air, h 13 convective heat transfer coefticient,
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Fig. 1: The computational dotnain and grid configuration

K iz thermal conductivity, 2 is streamn wise coordinate,
T iz coordinate perpendicular to stream wise coordinate
direction.

Fluent simulation: The computational domain is showm
inFig 1. The slab shaped food has a length and thickness
of 400 and 40 tun, respectively and the slot jet a width
30mm. The uniform initial tempemture of the sample is
10°C. Freezing conditions were: air ternperature between
-10 and -40°C, air velocity in the range of 10-30 m sec™
and jet-to food distance 60-360 . The impinging jet is
assumed to be fully turbulent when exiting the dot jet; a
uniform welocity profile is used. The turbulence intensity
atthe nozzle exit set to be 10%. The convergence criteria
were specified as follows: the normalized residuals were
kept set 10~ for all variahles, except for temperature
(107 To simplify the solution, the watation of the
thertnal and physical properties of the air and food with
terperature neglected. To ease the computation a
symmetty boundary condition along the jet and food
centetline wasz asmumed. To insre the attainment of
grid-independent results, the sensitivities of both grid

numbers and grid distributions, three types of the grid
were tested for each caser  relatively  fine  grid
S0=240=12000cells; a medivm gid S0=160 = 30000 cell,
a coarse grid 40x142 = 5650 cell. Mon-uniform grid
distribution is used in this study, wath finer gnd near
inpingernent plane (food) where the high gradients are
expected A grid density of 30=240 was found to provide
adequate resolution and accuracy and this fine grid has
been used. Time steps have been kept consistently amall
to ensure stahility, typically 10~ seconds Execution
times ranging from 62 1o 100 h ona Pentium [V 240 GHz
with 2 GB EAL

RESULTS AND DISCUSSION

In food freeming, there are many impottant parameters
that can be modified to enhance the thermal performance.
In order to sitmulate the effect of vatious parameters on
freeming time we consdered a sab food model (beef)
which hasa length and thickness of 400 and 40 tom,
respectively at the iritial uniform temperature 10°C placed
in a horizontal position vnder a slot air jet. The
thermophysical properties used in the model  were
adopted fom Wang et @l (2007) and summarized in
Table 1. Beginning from the initial condition (t = 00 the
caloulation is repeated until tempemture at some points
(point 4 in the Fig 2 and point D in Fig 1) inside the
product reaches a given pre selected value. The freezming
process results (Fig. 3 showthat the temperature of point
Aat swface) drops quicldy and it reaches the phase
change point in a short time after it is put under the jet,
whilst the temperature drops slowly. With the adwvance of
the phase change interface, the temperature difference
hetween the food surfaice and the freezing air decreases
and the surface tetnperature drops more slowdy. Also, the
temperatuire gmdient in the food increases and the
temnperature drops quickly until it almost reaches the
phase change point. Thereafter, the central temperature
(point 1) reaches the phase change point and remains at
thiz point for a long penod. Meanwhile the surface
temperatire contines to decrease and the temperature
di fference between the food surface and the freezing
tnedium becormes small and the coefficient of convection
heat transfer is low, bt the conduction heat transfer is
higher. After passing the phase change point, the
temnperature drops quickly to the required value.

Heat transfer coefficient: Lumped capacitance method
has heen uszed in the literature to determine the h-values.
Howewer, thiz method gives only an average value for the
h-value and it does not show the correct walues for heat
transferred and feering time Figure 4 shows spatial
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Table 1: Thermal properties used in model

C (kTkg' K™ C (kI kg™ K1) o (kgm™)

Ly (kT kg™

k (Wm K™ K Wm' K™Y T; °C) T, (°C)

3.644 2159 1070 188.0

0.51 1.5 -0.5 10

Here C, is specific heat of unfrozen food, C, is specific heat of frozen food, L latent heat of freezing, k; isthermal conductivity of unfrozen food, k, is thermal
conductivity of frozen food, T; is initial temperature of freezing food, T is fieezing termperature of food

2 3
1 4

Fig. 2: Position of various points inside the food model

15 == Point 1 temperature
—& Point 2 temperature

']5 T 1 L}
0 50 100 150

200 250 300 350 400
Time (min)

Fig. 3: Simulated temperature profiles of points 1 and 2
during freezing of the food

variation of heat transfer over the food surface for the
given conditions. As observed in this figure maximum
h-values were obtained at the stagnation point where the
air impinges on the food surface.

Effect of freezing air temperature on freezing time:
Figure 5 shows the effect of freezing air temperature on
freezing time. It 1s clear that with lower air temperature the
freezing time decreases, but beyond critical point, it
changes slowly. Freezing air temperature i1s the most
umportant parameter in freezing and frozen storage.
For freezing, when air temperature lowers, the process
is accelerated, since the driving force for energy
transfer increases almost linearly with the temperature
difference between the surroundings and the food
surface. As freezing time lowers, the same happens to
mass flow by sublimation, because the time the food
swface is exposed to dehydration is also lower and the
surface temperatire dimmishes more rapidly. Figure 6
shows the effect of freezing air temperature on air domain
temperature.

Effect of freezing air velocity on freezing time: Figure 7
shows the effect of freezing air velocity on freezing time.
Tt is clear that with increasing air velocity the freezing
time decreases, but beyond critical point, it changes
slowly. Figure 8 shows the effect of impinging air velocity

310+

r e
A -]
il i

Surface heat transfer coeff. (w/m2k)
5

1904
160+
130 T T T 1
0 0.1 0.2 0.3 0.4
Position (m)

Fig. 4. Spatial variation of h-value over the food surface
for the HH = 36 om, U, = 10m sec™ ', T, = -10°C

1

4251

c r T T L] ) L] T T T 1
50 45 40 35 30 25 20 -15 -0 -5 O

Freezing air temperature (°C)

Fig. 5. Effect of freezing air temperature on freezing
time

on h-value. It shows that h-value mcreases with
impinging ar velocity. This is due that flow of high
velocity creates thin boundary layers, which creates a
high rate of heat transfer. Figure 9 shows effect of
freezing air velocity on flow and velocity field for the
various air velocities. This figures show, with mncreasing
air velocity potential core length increases. When the
potential core is not completely decayed, the flow at
stagnation may be laminar. The lammar flow becomes
turbulent downstream, resulting in peak heat-transfer
coefficients where the flow transitions from laminar to
turbulent. This result is because heat transfer in turbulent
flows 1s higher than laminar flows. When the food
(impimging surface) is positioned near of the potential
core of the jet, turbulence level in the jet flow approaching
the food is becoming high due to an increased
entrainment of surrounding air to the jet flow, therefore a
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Fig. 6: Effect of freezing air temperature on temperature distribution (°C) in the air domain for the H = 36 cm,

U;= 10 m sec™
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Fig. 7: Effect of freezing air velocity on freezing time

higher h-value number at the stagnation point can be
expected. When the food is positioned downstream of the
potential core the freezing air vel ocity is degraded from its
nozzle exit value, the energy of the jet decayed because of
the turbulence in free jet region causing lower heat-
transfer coefficient.
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Fig. 8: Effect of freezing air velocity on h-value for
H =36 cm, T=-10°C

Effect of nozzle to food distance on freezing time: The
resultz of our study showed that as distance between
nozzle exit and food surface decreases, freezing time
increases. Figure 10 and 11 show influence of nozzle
to food distance on flow pattern and on freezing time,
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Fig. 9: Effect of freezing air velocity on flow and velocity field for the H=36 ¢m, T;=-10°C

respectively. Contours of wvelocity show that as the

distance increases the flow has turbulent mixing
characteristics before stagnation point and the potential
core disappears completely. The presence of the potential
core region results in lesser degree of wvorticity at
stagnation, causing a transition to turbulence in the wall
region close to stagnation point. Longer distances result
in actual turbulent dissipation and higher heat transfer
cocflicients at stagnation point but with an average low
heat transfer coefficient. Further increasing the impinging
distance results in a lack of fluid momentum to drive
effective force convection, thus the thermal resistance
appropriate distance increases with

increasing Reynolds number of the impinging jet. Shorter

increases. The

distances can cause confinement, resulting in
disturbance to the main jet streams. Our study shows that
for food freezing applications nozzle-to-food distance
ratio should be maintained in the range of 6-10. A wide
range of experimental data on heat transfer measurements
in this regard. Based

measurements Gardon and Akfirat (1966) have suggested

exists on heat transfer

an optimal nozzle-to-food ratio of 6-8. The results on heat
and flow visualization studies
indicated that heat transfer coefficients depended on
nozzle-exit-to-food spacing. This is due to the turbulence
induced at the boundary of the jet and the stagnant air. In
many impingement applications, this type of turbulence
tends to dissipate the energy in the jet region of the flow.
To minimize energy dissipation, the nozzl e-exit-to-plate

transfer coefficients

spacing may be reduced, but an extremely short spacing
between nozzle exit and the food causes unnecessary
of the jet.

advantageous in some cases but not so in others. In

confinement Confinement may prove
processing applications where moisture is being removed
{baking, drying), confinement is not desirable, but in
applications such as thawing, confinement may reduce
drip loss by conserving moisture. When the food is
positioned downstream of the potential core the freezing
air velocity is degraded from its nozzle exit value, the
energy of the jet decayed because of the turbulence in
free jet region causing lower heat-transfer coefficient
and the food is cooled ineffectively. The nozzle-to-plate
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spacing should be optimized for best results, depending
on the application. Such optimization would require
predictive relationships for heat transfer coefficients
based on the position and flow conditions. Figure 9 also
shows the formation of boundary layer on the surface of
the product at short distances away from stagnation.
Although the boundary layer observed is only the
hydrodynamic boundary layer and not a frue
representation of the thermal boundary layer, it is strongly
correlated to the thermal boundary layer and resultsin a
steep decline in heat transter coefficients at short
distances away from stagnation.

The heat transfer from a slot jet impinging on a slab
shaped food has been studied using CFD (FLUENT6.0)
simulations with Reynolds Stress turbulence (RSM)
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model. The CFD simulation results show how different
impingement (e.g., air velocity and
temperature, nozzle to food distance) affect the freezing
time of slab shaped foods and the information on these
may be used in further optimization studies. The results of
this study show that:

conditions

* Impmging arr temperature is the most important
variable, influencing freezing time.

Lowering mmpinging air temperature, freezing time
decreases but beyond critical pomt, it decreases slowly
because the freezing air temperature showed little effect
on the heat transfer coefficient.

*  The velocity of the impinging air plays an wmportant
role in the thermal resistance.

Increasing the velocity consistently dimiishes the
resistance. Freezing time decreases with
increasing impinging air velocity because convective heat
transfer coefficient improves at higher velocities.

thermal

*  The distance between the nozzle exit and the food 1s
the other parameter affecting freezing time. Nozzle-to-
food distances in the region of 6-8 are best because
they ensure that the potential core 13 fully decayed
and there 13 no excessive energy dissipation.

These results indicate that with proper optimization
of above mentioned parameters, major improvements can
be achieved 1n air impingement food freezing systems.
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NOMENCLATURE

= Width of jet

= Thickness of slab shaped food

= Nozzle-to-food distance

= Convective heat transfer coefficient
Specific heat of unfrozen food

= Specific heat of frozen food

= Heat capacity at constant pressure

= Heat capacity at constant volume

= Thermal conductivity
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= Average temperature

= Freezing temperature of food

= Tnitial temperature of freezing food
Temperature of freezing air

= Fluctuating component of temperature
= Tume

Average velocity

= Velocity of air at nozzle exit

= Turbulent component of velocity
The average wvalue of the
component of the velocity

= Stream wise coordinate

= Coordmates perpendicular to stream wise
coordinate direction

Density

¥ = Kinematics viscosity of the air
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